The local chemical properties of bimetallic surfaces, which are often drastically different from those of each of the components, will be discussed. Using CO adsorption as a probe molecule it will be shown for two model systems, Au/Pd(111) and Pt/Ru(0001), that their chemical properties depend decisively on the local surface structure and that the correct interpretation of area integrating spectroscopic and kinetic data obtained from such surfaces requires detailed knowledge of their (defect) structure and of the distribution of the different components in the surface layer. It will further be shown that information on the local chemical properties of specific structural elements such as monolayer islands and monolayer island edges, and specific surface ensembles can be gained by applying high resolution scanning tunneling microscopy imaging and area integrating spectroscopic techniques in combination to bimetallic surfaces whose morphology and composition is varied in a systematic and controlled way. Based on experimental results adsorption on a monolayer Α / substrate B system is suggested as a model for gaining information on the modifications in chemical properties of ΑB alloy surfaces due to metal-metal interactions.
Introduction
There is a long tradition in the investigation of adsorption and reaction processes on single crystal metal surfaces as a model for heterogeneous catalysis and for catalytic reactions [1] . The effect of promoters was studied by coadsorption of the respective elements, e.g., of alkali metals [2] . The question of catalytically active sites on the small, catalytically active particles was followed up by investigating highly stepped, vicinal surfaces, where the step and kink sites were regarded as potential candidates for these active sites [3, 4] . In order to model the catalytic properties of bimetallic catalysts, which are well known for their often superior catalytic performance [5] , bimetallic surfaces of alloy single crystals or of monometallic substrates (partly) covered by an epitaxial film of a second metal species were investigated (see [6] [7] [8] [9] [10] and references therein).
From the modification in the chemical properties, i.e., the changes in the adsorption and reaction behavior imposed by the respective additives or structural elements, these studies gain information on the role of these species in the reaction (259) process. Mechanistic information is derived often from kinetic measurements [11] . While deducing the reaction mechanism from reaction kinetics is already problematic and not at all unambiguous on homogeneous surfaces, the situation is even less clear on inhomogeneous surfaces. Though the overall concentration and periodic arrangement of additives, structural elements, etc. can be determined from spectroscopic or diffraction techniques, details on their distribution and local arrangement are largely unknown. For the case of bimetallic surfaces two mechanistic concepts have been introduced to account for the experimentally observed pronounced dependence of the reaction rates on the surface composition, the so-called "ensemble effect" and the "ligand effect" [12, 13] . The former assumes that a minimum of neighboring surface atoms of one type is required to allow adsorption or reaction on tne surface to take place [13] , which in particular for surfaces consisting of a disperse mixture of two or more atomic species yields a pronounced concentration dependence. The ligand effect describes the stepwise change in electronic and chemical character of a surface atom A when the neighboring (surface) atoms are successively replaced by B-type metal atoms [12] .
The difficulties in extracting fundamental mechanistic information for reactions on inhomogeneous bimetallic surfaces underline the need for studies on the surface chemistry of well-defined bimetallic surfaces. Further progress in the understanding of the chemistry of these surfaces requires detailed knowledge of the distribution and local arrangement of the individual surface components and structural elements on the one side and the identification of the chemical properties of distinct structural elements and local ensembles on the other side.
The present article is intended to give an overview on the current status of surface chemistry studies on structurally well-defined bimetallic surfaces, which aim at the mechanistic understanding of adsorption and reaction processes on these surfaces on the basis of locally resolved chemical information. This will involve a controlled preparation of bimetallic surfaces with specific local structural elements such as edge atoms, etc. or ensembles of two kinds of metal atoms in specific arrangements ("ensembles"), and the subsequent spectroscopic characterization of the respective adsorption or reaction processes. The most direct characterization of the resulting surfaces will be via STM imaging, which in the case of surface alloy ensembles requires atomic resolution images with chemical contrast in order to distinguish between the different atomic species. We will concentrate here on surfaces prepared by epitaxial growth, by depositing a metal B on a metal A substrate and subsequent surface alloy formation by annealing if required. It should be mentioned that similar studies are of course equally possible on surfaces of bulk alloys [14] .
Since these studies depend critically on the controlled preparation of bimetallic surfaces, with a characteristic surface structure, we will first describe basic aspects of metal-on-metal epitaxy relevant for this purpose, including exchange and intermixing processes that are required for alloy and surface alloy formation. The following sections will focus on characteristic aspects of adsorption and reaction processes on two different types of surfaces, first on metal substrates covered by a homogeneous, flat metal (bi-)layerand then on surface alloys with an inhomogeneous surface structure or composition.
Preparation of bimetallic surfaces by epitaxial growth
Epitaxial growth has long been described in terms of the three growth modes described by Bauer [15] , (continuous) layer-by-layer or Frank-van der Merwe growth, layer-plus-island or Stranski-Krastanov growth and Vollmer-Weber growth, where three-dimensional island growth proceeds from the beginning. It is important to realize, however, that the classification into these growth modes is based on thermodynamic properties such as the surface free energy of substrate and deposit and the interface free energy of the interface between the two, and that under standard deposition conditions metal-on-metal epitaxy is dominated by kinetic limitations such as nucleation, lateral (2D) growth and vertical growth. In this case film growth is determined by nucleation and transport processes, where the latter include intralayer and interlayer transport [16, 17] . In an atomistic picture these processes are dominated by adatom migration over the free substrate surface (nucleation), migration along island edges (2D growth) and migration across island and step edges (vertical growth). The decisive parameters herefore are the preexponentials and activation energies for the respective migration steps (see [18, 19] and references therein).
Considering the present objective of producing bimetallic model catalyst surfaces we have to distinguish between surfaces where a substrate A is covered by a flat, closed layer of a metal deposit and those where either the surface is not fully covered or where, by subsequent annealing or by codeposition of both metals, a surface alloy is prepared. The former, where the surface consists only of one component, would be representative for a cherry structure of the small catalyst particles [20] . The cover layer may be one or more layers thick, but one may expect that with increasing thickness the chemical properties readily relax to those of a B-type bulk metal surface. In the second case the surface contains both components and different bimetallic sites are formed. This would correspond to a fully intermixed particle with both components dispersed on the surface and in the bulk.
We will first focus on the former case of a surface fully covered by a flat, homogeneous metal film (see sketch in Fig. lc) . As can be seen in the next section it may be very important to avoid inhomogeneities such as bilayer islands on a monolayer film, both because of the different chemical properties of a bilayer film as compared to a monolayer film and because of the chemical activity of the island edges introduced by the second layer islands. This also means that the film should be continuous and not exhibit pinholes exposing the bare substrate. In total, a very close coverage control is required. Except for these problems the preparation of continuous, flat monolayer films is rather simple because of the dominating Stranski-Krastanοv growth mode in metal -on-metal heteroepitaxy. In this case the deposition or annealing temperature should be high enough to avoid nucleation of next layer islands or remove these before (almost) complete filling of the first layer. On the other hand one has to stay below the onset of surface alloy formation, by exchange and intermixing at the interface. The coverage may be controlled by STM or, if the adsorption energieS of the first and second layer are sufficiently different, by thermal desorption spectroscopy [10] . For closed bilayer films the situation is generally more complicated in that the thermodynamic driving force for this is either small or, if the transition to 3D growth occurs already after completion of the first layer, not existent. In that case the film morphology must be optimized by exploiting the kinetic properties of the growth process, e.g., by a proper choice of the deposition parameters. More complicated procedures involve sequential deposition, either at different temperatures or with an intermediate annealing step, which allows us to modify the size of first layer islands at the onset of second layer nucleation. For instance, in the latter case nucleation of second layer islands will take place on an ideal homogeneous first layer instead of on small first layer islands, avoiding nucleation on individual islands or at first layer island edges.
Recipes for the preparation of inhomogeneous films are much less general and depend strongly on the respective surface aimed for. Mostly it is also not possible to prepare a surface with only a single type of characteristic structural element, and the chemical properties of these sites can only be identified and quantified by varying their concentration over a wide range, possibly without introducing new types of sites.
For characterizing the chemistry of bimetallic sites at the edge of metal B monolayer islands on a metal A substrate (see Fig. 1b ) the concentration of these sites can be varied by reducing the deposition temperature. Following the standard nucleation theory lower temperatures lead to a higher density of stable nuclei [16] , and hence to smaller island sizes. Maintaining the coverage these sites can be distinguished from adsorption on top of the islands by the increasing fraction of edge atoms with lower deposition temperatures. This effect is illustrated in the STM images in Fig. 2 , showing two partly Au covered Pd(111) surfaces after Au deposition at 100 K (Fig. 2a, 0 .26 ML) and 300 K (Fig. 2b, 0.2 ML) , respectively. The decrease in temperature led to an increase in the fraction of edge atoms ("2D dispersion") from 7% at 300 K to 40% at 100 K deposition [21] . The resulting changes in the CO adsorption behavior on these surfaces will be discussed in the last section.
Similar procedures may also be applied in order to vary the 2D dispersion of second layer islands (Fig. 1d) , which can help, e.g., to discriminate the role of second layer islands and island edges from adsorption or reaction on the first layer. Figure 3 shows STM images for the same system, after deposition of 1.5 ML Au at 320 K (Fig. 3a) and after a second deposition of 0.25 ML Au at 110 K on top of the former surface (Fig. 3b) . While 320 K deposition causes rather large second layer islands to grow on a practically perfect monolayer film, a much larger number of relatively small islands grows after the second Au dose at low temperatures. In this case the fraction of edge atoms is further increased by the ramified shape of the new Au islands, indicative of very little adatom mobility along the Au island edges. For further details see Ref. [22] .
In a large number of metal-on-metal combinations there is a tendency for intermixing, i.e., for the formation of bulk or surface alloys [23, 24] . This process is initiated by the exchange of adatoms with atoms in the surface layer, either upon deposition ("ballistic exchange") [25] or, predominantly, as an activated step, competing with surface migration [26] . In the latter case growth follows the normal "nucleation and growth" pattern at lower temperatures, whereas above a critical temperature adatom-surface exchange sets in, which in addition to creating mixed surface layers may affect the growth behavior in various ways [26] [27] [28] . The critical temperature depends on the activation barrier for exchange and reaches from far below room temperature, as observed, e.g., for Ni/Ag(100) [29] or Rh/Ag(100) [28] , up to temperatures well above 1000 K, as found for Pt/Ru(0001) [30] . Furthermore, it had been shown that specific sites on the surface such as deposit island edges or substrate steps may be preferred sites for exchange to occur [31] . Hence, similar to standard growth also here both thermodynamic and kinetic effects have to be considered. Finally it should be noted that these exchange and intermixing processes not only occur during deposition, but also upon annealing a metal film covered surface. In general, the onset of intermixing in this case is at higher temperatures than during deposition, because of the mutual stabilization of the metal atoms in a closed layer.
The most important structural aspect in these bimetallic surface layers for the current purpose is the concentration and distribution of the respective atoms. Ion scattering spectroscopy (ISS) gives a very precise determination of the concentration in the topmost layer, while electron spectroscopies such as Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) also contain contributions from deeper layers. More directly, the concentration in the surface layer can be determined from atomic resolution STM images with chemical contrast.
As shown in the STM image in Fig. 4 recorded on a Pt containing Ru(0001) surface [32] , the different atomic species can clearly be differentiated. After deposition of 0.42 ML Pt at 300 K and subsequent annealing to 1200 K the surface contains about 31% Pt atoms, which are almost statistically distributed over the surface (the assignment of "dark" and "bright" atoms to Pt and Ru was made on the basis of parallel AES measurements [30] ). The quantitative evaluation of such images allows a direct and unambiguous determination not only of surface concentrations, but also of correlations in the surface atom distribution. For the surface' shown in Fig. 4 this showed that the substitutional Pt atoms are slightly more aggregated than expected for a statistical arrangement. In addition to containing information on the interactions between the respective atoms this information is a basic requirement for the proof and quantification of ensemble effects etc. Hence knowledge of the atom distribution is the basis for a detailed understanding of adsorption and reaction processes on these surfaces, and also for theoretical work on this topic.
Surface chemistry on homogeneous bimetallic surfaces
Homogeneous bimetallic surfaces, with a metal B film covering a metal A substrate, differ from the clean substrate B by the different geometric and electronic structure of the substrate. The former may lead to the formation of strained lattices, where the adatom-adatom spacing differs from that on the respective bulk metal surface. It was shown in both experimental and theoretical studies that this effect can severely affect the barrier for metal adatom migration, and similar effects are also expected for the adsorption of molecules on top of these deposit layers [33, 34] . These effects will increase with strain, the strongest effects will therefore be expected for a large lattice mismatch in combination with pseudomorphic growth, i.e., with no strain relaxation. Second, the electronic structure of the metal deposit may be modified by coupling to the chemically different substrate, which is reflected, e.g., by the formation of specific interface states [10, 35, 36] .
These effects are discussed in detail and reviewed for a large number of systems in Ref. [10] . It is very important to realize that the surface atoms in a metal B monoor bilayer film on a different metal substrate are chemically no longer identical to a metal B surface, but may differ markedly.
An example for such modifications is presented in the thermal desorption (TD) spectra in Fig. 5 , taken from Ref. [37] . These were obtained for CO saturation adsorption on a pure Ru(0001) surface (spectrum α), on the same surface covered by slightly more than Pt monolayer (1.1 ML) (spectrum b), on a Ru(0001) surface covered with 2.5 ML Pt (spectrum c) and on a surface covered with a thick Pt film (4 ML) which should be very similar to that from a Pt(111) surface (spectrum e). After deposition at 300 K the 1.1 ML and 2.5 ML Pt films were annealed to 800 K in order to obtain a flat morphology. For the monolayer film STM images revealed a continuous closed film with a few second layer islands [30] . The 2.5 ML film is slightly rougher. In addition to flat bilayer and trilayer areas also fourth layer islands exist. CO desorption from a saturated Ru(0001) surface (T ad = 90 K, 10 L) results in the well-known double peak spectrum characteristic of this system, with maxima at around 400 K and 455 K [38, 39] . Dramatic changes are observed for going to desorption from a CO saturated, monolayer Pt covered surface. This spectrum is shifted by about 100-150 K to lower temperatures, with the onset of desorption at about 200 K instead of 300 K, and the high temperature end at about 350 K (520 K for bare Ru(0001)). The small peak centered at around 400 K reflects the presence of residual defects and bilayer islands. The spectrum obtained from the 2.5 ML film is backshifted to higher temperatures. It can be considered as being composed of contributions from two, three and four layer Pt areas. For the present discussion its most important feature is the fact that the onset of desorption is shifted by about 30 K to higher temperatures as compared to the monolayer film, indicating that (at saturation coverage) the CO adsorption energy on a bilayer film is significantly stronger than on a monolayer film. Finally, for CO desorption from the 4 ML Pt film the spectrum very much resembles that for CO desorption from a Pt(111) surface [40] . The onset of desorption is shifted by another 50 K to higher temperatures, reflecting a further increase in CO adsorption energy. The shift in desorption temperature on the mono-and bilayer Pt covered Ru(0001) surface as compared to desorption from bulk Pt(111) resembles that observed for Pd/Ru(0001), but is even more pronounced [41] . Along with these modifications in the adsorption properties of the Pd surface layer the authors also reported a significant shift in the Pd(3d) core level energies as compared to bulk Pd, indicative of changes in the electronic structure of the Pd layer. Further details on the CO adsorption and oxidation behavior on bimetallic Pt-Ru(0001) surfaces will be published elsewhere [32, 37] .
In conclusion, while CO is strongly adsorbed on both Pt(111) and Ru(0001), it is much weaker absorbed on a Pt modified Ru(0001) surface covered with a Pt mono-or bilayer, respectively. The strongest reduction in adsorption energy occurs on the monolayer covered surface. The implications for catalytic purposes become evident by comparison with previous discussion on the catalytic activity of PtRu catalysts in polymer electrolyte fuel cells ("bifunctional catalysis") [42, 43] . At the usual operation temperatures these catalysts suffer from poisoning due to CO adsorption, which is present in trace amounts in the fuel gas in Η2 operated cells or results as a side product in the direct oxidation of methanol in methanol operated cells [44, 45] . The quality of a catalyst for low temperature fuel cell applications therefore depends critically on its CO tolerance [46] . The increased CO tolerance of PtRu catalysts as compared to pure Pt or Ru catalysts [47] can be explained by the change in the adsorption properties of modified Pt, which reduces the adsorption energy and, due to the strongly enhanced desorption rate, also the steady state concentration of adsorbed CO drastically. As will be shown in the next section, qualitatively similar results are obtained on PtRu surface alloys.
Surface chemistry on surface alloys and other inhomogeneous bimetallic surfaces
The problems associated with the interpretation of spectroscopic or kinetic data obtained on inhomogeneous surfaces is evident already from the discussion of the CO desorption spectrum from the 2.5 ML Pt covered surface. The clear separation of the individual contributions, of desorption from two-, three-or four-layer Pt areas would require to vary the film thickness and record similar spectra from surfaces with differing amounts of these areas. In other cases adsorbates on specific surface sites can be identified by spectroscopic means. This will be demonstrated in the following example, dealing with CO adsorption on bimetallic Au-Pd(111) surfaces (further details see in Refs. [21, 22, 48] ).
For Pd(111) covered by submonolayer amounts of Au (deposition temperature 300 K) it was shown that upon CO adsorption a small extra peak at 263 meV appears in HREEL spectra, in addition to the main C-O stretch peak at 245 meV associated with CO adsorbed on the Pd(111) surface areas [21] . While the presence of this extra state is clearly connected with the Au deposit, the question of the adsorption site of these CO molecules, e.g., on top of the islands or at the edges, cannot be answered from these data. This can be decided by varying the deposition temperature. By going from 300 Κ to 100 K, at a coverage of about 0.2 ML, the surface changes from the conflguration shown in Fig. 2a to that in Fig. 2b , with a much higher density of islands and, important in this context, of island edges after low temperature deposition. The 2D dispersion was mentioned before to increase from about 7% upon deposition at 300 Κ to about 40% upon deposition at 100 Κ. The HREEL spectra recorded after 0.5 L CO exposure to these two surfaces (Tad = 100 K) are shown in Fig. 6 (spectra b and c) , together with a spectrum recorded on the pure Pd(111) surface after similar exposure (spectrum a). The pronounced increase in the 263 meV loss feature in spectrum c provides clear evidence that this extra state is associated with CO adsorbed at the Au island edges. Furthermore, adsorption on the islands can be excluded also from the experimental finding that a Pd(111) surface covered by a full monolayer of Au is practically inert against CO adsorption at 100 Κ [21] .
The next question relates to the adsorption site of the new CO species. The high frequency of 263 meV for the C-O stretch vibration points to a linear CO species adsorbed in an on-top configuration. This leaves the possibility of CO adsorption on a modified Pd atom at the lower side of the step or on a modified Au atom at the upper side of the island edge (see Figs. 1b, c) . A recent comparison between Pd(111) surfaces covered by a full Au monolayer with different densities of second layer Au islands on top -the morphology of these surfaces is shown in Figs. 3a and b -found a similar CO state also for second layer Au islands and no adsorption on the flat bilayer areas, and the same observations were made also on a thicker Au film [22] . These results provide clear evidence that the extra state is due to CO adsorption on top of the Au island edge atoms, and not at Pd atoms (submonolayer coverages) or Au atoms (above monolayer coverages) at the lower side of the edge. Hence, the data point to a significant stabilization of the Au-CO bond for CO adsorbed on Au edge atoms. This conclusion agrees perfectly well also with recent theoretical results on the stabilization of CO on stepped Pt surfaces [49] . Those authors found a significant stabilization for CO adsorbed on Pt edge atoms by about 0.7 eV as compared to adsorption on Pt(111) terrace sites, which they explained by the better coupling of the 2π* CO orbital with the Pt d-electrons due to an upshift of the d-band towards the Fermi level at the step sites. While these calculations were specifically performed for CO adsorption on Pt surfaces, the basic conclusion of a more stable CO bond to undercoordinated edge atoms is correct also for other metal surfaces [50] .
The result of a stabilization of CO adsorbed on edge atoms should hold true of course also for the submonolayer and higher coverage Pt films on Ru(0001) discussed in more detail in the last section. In all cases the TD spectra exhibited a more or less pronounced additional desorption peak at higher temperatures, depending on the respective preparation procedure. The higher adsorption energy reflected by this peak is compatible with the above explanation, although for medium Pt coverages desorption from areas with a locally higher thickness (bilayer islands in a monolayer film, trilayer areas on a bilayer film) lead to similar results.
As a second point, adsorption and reaction on bimetallic (surface) alloyS with both components in the surface layer shall be discussed. Based on the previous results and discussion one would expect that the mutual interactions between the different atomic species in the surface lead to a modification in their electronic and chemical properties, similar to the case of the monolayer film on a different substrate. These modifications should be most pronounced for the case of individual, disperse atoms in a surrounding of the other component (Fig. le) , while small 2D ensembles of the one metal in a matrix of the other metal (Fig. if) come close to the situation of the monolayer island (Fig. 1b) , except for the absence of the island edges. Finally, coexisting 3D clusters should tend in their chemical properties towards the respective bulk metals surfaces, again not considering the transition regions between the two. This picture very much resembles that underlying the "ligand effect", in that the substitution of neighboring (surface) atoms will modify the chemical and electronic properties of the respective central atom being considered. In this picture the monolayer situation is characterized by six neighboring atoms of the same kind and three underlying atoms of the other kind. Additional effects due to lattice strain, longer range or higher order interactions are not included. Following that description, surfaces with random mixtures of the individual atoms would in average be somewhere between the two cases of disperse atoms and monolayer islands in their chemical properties.
These ideas can be tested for CO adsorption on a PtRu surface alloy, with Ru surface atoms in a Ru(0001) surface substituted by Pt atoms, and comparing the resulting CO adsorption behavior with that observed on a Pt monolayer covered Ru(0001) surface (see last section). A TD spectrum recorded after CO saturation of a PtRu surface alloy with 31% Pt surface atoms, which was prepared by depoSiting 0.42 ML Pt at room temperature and subsequent annealing to 1200 K, is shown as spectrum d in Fig. 5 . This spectrum is not very different from spectra obtained from partially Pt covered samples [32] . The onset of desorption at about 200 K is identical to that observed on the monolayer fllm. The desorption range up to 500 K, on the other hand, comes close to that found on pure Ru(0001) surfaces, as evidenced by comparison with spectrum α. One might argue that the close similarity between these spectra is again due to the formation of Pt islands, but in the surface layer. The high resolution STM image of this surface in Fig. 4 , however, provides clear evidence that this assumption is not correct. As mentioned in Sec. 2 the Pt atoms are dispersely distributed within the topmost layer, with only a slight correlation between the substitutional Pt atoms [30] . The structure of the surface layer is identical to that of a pure Ru(0001) surface, and hence identical also to that of the pseudomorphic Pt islands. In a first semiquantitative approach it can be concluded that adsorption on Pt atoms in the Ru surface layer is of about similar strength as on top of a Pt monolayer. Since for these Pt concentrations also small Ru areas exist on the surface, additional experiments with a higher density of Pt surface atoms are required to gain information on whether and by how much Ru atoms are modified by neighboring Pt atoms with respect to CO adsorption. One should keep in mind also that in these cases the Pt or Ru surface atoms are always adsorbed on a Ru(0001) substrate. Hence modifications of the Pt surface atoms as compared to bulk Pt are more plausible than for Ru surface atoms. In a bulk alloy the situation would be different in that also Ru surface atoms might equally well also reside on a (local) Pt underlayer. This situation could be modeled by adsorption measurements on a Ru monolayer covered Pt(111) substrate.
Conclusions
Using CO adsorption as a probe molecule it was shown for two model systems, Au/Pd(111) and PtRu(0001), that the chemical properties of bimetallic surfaces, which may be drastically different from those of each of the two components, depend decisively on the local surface structure. The correct interpretation of area integrating spectroscopic and kinetic data obtained from such surfaces requires detailed knowledge of their (defect) structure and their surface composition, where the latter includes also the distribution of the different components in the surface layer.
The data show that information on the local chemical properties of specific structural elements such as monolayer islands and monolayer island edges, and specific surface ensembles can be gained by combining high resolution STM imaging with area integrating spectroscopic techniques and by systematic, controlled variation of the surface morphology and composition. They also underline the role and importance of structural defects such as steps and island edges in model studies on bimetallic surfaces prepared by metal-on-metal epitaxy.
From the close similarity in trends for CO adsorption on Pt monolayer covered Ru(0001) and PtRu(0001) surface alloys adsorption on a monolayer film of the one component on a substrate of the other component was suggested as a means for gaining qualitative information on the chemical properties of (surface) alloy surfaces composed of these two components. Further work on these problems is in progress.
